Background: Gait speed is an important measure of lower extremity physical performance in older adults and is predictive of disability and mortality. The biological pathways involved in the decline of lower extremity physical performance are not well understood. We used a targeted metabolomics approach to identify plasma metabolites predictive of change in gait speed over time. Methods: Gait speed was measured at baseline and over median follow-up of 50.5 months in 504 adults, aged ≥50 years, who had two or more study visits in the Baltimore Longitudinal Study of Aging (BLSA). Plasma metabolites were measured using targeted mass spectrometry (AbsoluteIDQ p180 Kit, Biocrates). Results: Of 148 plasma metabolites (amino acids, biogenic amines, hexoses, glycerophospholipids) measured, eight were significantly associated with gait speed at baseline, independent of age and sex: hexoses (r = −0.148, p < .001), [sphingomyelin (SM) 16:1 (r = −0.091, p = .0009), SM 18:0 (r = −0.085, p = .002), SM 18:1 (r = −0.128, p < .0001], phosphatidylcholine aa 32:3 (r = −0.088, p = .001), lysophosphatidylcholine (LPC) 17:0 (r = 0.083, p = .003), LPC 18:1 (r = 0.089, p = .001), and LPC 18:2 (r = 0.104, p < .0001). Adjusting for baseline age, sex, and chronic diseases, baseline plasma LPC 18:2 was an independent predictor of the rate of change of gait speed over subsequent follow-up (p = .003). No other plasma metabolites were significantly associated longitudinal changes of gait speed over time. Conclusions: Low plasma LPC 18:2, which has previously been shown to predict impaired glucose tolerance, insulin resistance, type 2 diabetes, coronary artery disease, and memory impairment, is an independent predictor of decline in gait speed in older adults.
Due to demographic changes worldwide, the proportion of older adults in the population is rapidly increasing. Hence, preventing morbidity and disability in later life has become a public health priority. Walking is one of the most common forms of physical activity in older adults and is an essential capacity for independent living. Gait speed, also known as walking speed, is considered an important indicator of physical well-being in older adults. Slow gait speed is a strong independent predictor of physical disability (1), impaired cognition and dementia (2, 3) , nursing home admission, health care utilization, and mortality (4) . Usual gait speed is widely used for the consensus definition of sarcopenia (5) .
The biological pathways that lead to sarcopenia are not well understood but include skeletal muscle insulin resistance (6) , mitochondrial dysfunction (7) , increased inflammation and oxidative stress (8) , endothelial dysfunction (9) , defects in proteostasis (10) , and impaired neuromuscular junction activity (11) . Based upon the findings of pre-clinical and clinical studies, circulating proteins and metabolites such as myostatin (12) , branched chain amino acids (13) , and brain-derived neurotrophic factor (14) are considered biomarkers of sarcopenia. Metabolomics has been used to examine the relationship between serum metabolites and skeletal muscle mass in functionally limited older adults (15) and in adult women (16) . Recent metabolomics studies show higher plasma ceramides are associated with lower gait speed (17) , and amino acid metabolites are associated with walking disability (18) . Relatively less is known about lipids compared with proteins and other metabolites, in part because they are difficult to measure and study due to their structural diversity and sheer number of discrete molecular species (19) . Lipids are the dominant biologic molecules in human plasma. Mass spectrometry-based platforms now allow the quantification of hundreds of lipids in human plasma (20) . Lysophosphatidylcholine (LPC), a major class of glycerophospholipids in human plasma, are implicated in inflammation, insulin resistance, obesity, and type 2 diabetes (21) . LPC appear to protect human skeletal muscle cells from lipotoxicity through activation of peroxisome proliferator-activated receptor (PPAR)δ, a known pathway involved in aging and inflammation (22) . The relationship between circulating LPC and physical performance in older adults has not been characterized.
We used a targeted metabolomics approach to identify circulating metabolites that were associated with a decline in gait speed in older adults. Our aim was to gain insight into potential biological pathways involved in sarcopenia. To address this aim, we measured plasma metabolites in a well characterized cohort of older adults.
Subjects and Methods
The study subjects consisted of 504 participants, aged ≥50 years, in the Baltimore Longitudinal Study of Aging (BLSA) who were seen between January 2006 and December 2008 ("baseline") and had at least two or more follow-up visits after baseline up to June 2014. The study design was aimed at studying the cross-sectional association of plasma metabolites with walking speed and to identify baseline metabolites that predicted differential decline of gait speed over follow-up. Participants were assessed at an in-patient study clinic for follow-up visits every 1-4 years, with more frequent follow-up for older participants. They underwent 2.5 days of medical, physiological, and psychological exams. Gait speed was measured over a 6-month course. The participants asked to walk at their usual pace. The time to complete the walk was converted into gait speed (m/s). The better performance of two trials was used for the analysis. The study protocol was approved by the institutional review boards of the National Institute of Environmental Health Science (NIH, North Carolina) and the Johns Hopkins School of Medicine Institutional Review Board. The study protocol was conducted in accordance with the 1964 Helsinki Declaration. At every visit, after the scope, procedures, and related risk were explained to participants, they consented to participate in the study and signed an informed consent document.
Measurement of Serum Metabolites
Blood was collected from participants who stayed overnight at the NIA Clinical Research Unit, Medstar Harbor Hospital in Baltimore, MD. Blood samples were drawn from the antecubital vein between 07:00 and 08:00 h after an overnight fast. Participants were not allowed to smoke, engage in physical activity, or take medications before the blood sample was collected. Blood samples were immediately stored at 4°C, centrifuged within 4 h, then immediately aliquoted and frozen at −80°C. The collection of ethylenediaminetetraacetic acid plasma in the BLSA is consistent with guidelines for biomarker studies (23) . Plasma metabolites were measured using liquid chromatography tandem mass spectrometry (LC-MS/MS). Metabolites were extracted and concentrations are measured using the AbsoluteIDQ p180 kit (Biocrates Life Sciences AG, Innsbruck, Austria) following the manufacturers protocol for a 5500 QTrap (Sciex, Framingham, MA) mass spectrometer equipped with an electrospray ionization source, a Shimadzu CBM-20A command module, LC-20AB pump, and a Shimadzu SIL-20AC-HT autosampler, a CTO-10Ac column oven heater, and running with Analyst 1.5.2 software, as described elsewhere (13) . Briefly, 10 μL of plasma was pipetted onto a 96-well Biocrates kit. The samples were dried at room temperature (RT) for 30 min. 50 µL of 5% PITC reagent was added and incubated for 20 min and the plate was dried under nitrogen for 1 h. 300 µL of 5 mM ammonium acetate in methanol was added and incubated at RT on a shaker (450 rpm) for 30 min. The plate was centrifuged at 500×g for 2 min and labeled; 50 µL of each sample was transferred to a 96-deep well LC plate, and 10 uL of each sample was transferred to the 96 deep well FIA plate. To the LC plate, 450 µl of 40% methanol (in HPLC grade water) was added. To the FIA plate, 490 µL of FIA running solvent was added. 10 µL was injected onto the Eclipse XDB C18, 3.5 μm, 3.0 × 100 mm with a Phenomenex C18 Security Guard Cartridge, 3.0 mm ID. The mobile phase consisted of solvent A (water containing 0.2% formic acid) and solvent B (acetonitrile containing 0.2% formic acid), with the following gradient: 0-0.5 min 0% B, 5.5 min: 95% B; 6.5min: 95% B; 7.0 min: 0% B; 9.5 min: 0% B. LC plate evaluation of the samples was carried out using the MetIDQ software. The FIA plate was run with 20 µL injection directly onto the MS at a flow of 30 µL/min with water/ acetonitrile (1:1) containing 0.2% formic acid as the mobile phase, with the following flow rate program: 0-1.6 min: 30 µL/min; 2.4 min: 200 µL/min; 2.80 min: 200 µL/min and 3.00 min: 30 µL/min. Concentrations were calculated using the Analyst/MetIDQ software and reported in µmol/L. The kit potentially measures 188 metabolites, but 40 metabolites were either completely below the limit of detection (most acylcarnitines and very long chain LPCs) or were excluded from the analysis because they were below the limit of detection in more than 10% of subjects. After exclusions, quantitative information on 148 metabolites, including 25 amino acids, 11 biogenic amines, 1 hexoses, 10 sphingolipids, 7 acylcarnitines, and 94 glycerophospholipids (lyso-, diacyl-, and acyl-alkyl phosphatidylcholines) were available for the analysis. Glycerophospholipids are differentiated on the basis of ester and ether bonds in the glycerol moiety. Diacyl or "aa" indicates that fatty acids are bound with ester bonds at the sn-1 and sn-2 positions on the glycerol backbone. Acyl-alkyl or "ae" indicates that the fatty acid at the sn-1 position is bound with an ether bond. The total number of carbon atoms and double bonds in fatty acid chains is represented by "C x:y", where x denotes the number of carbons and y denotes the number of double bonds. The MS spectra were evaluated using Analyst/MetIDQ (Biocrates) software. Human plasma samples spiked with standard metabolites were used to monitor the reproducibility of the assay. The inter-assay and intra-assay coefficients of variation ranged from 5 to 15% for nearly all analytes. 
Statistical Analysis
Spearman correlations were used to examine the relationship between plasma metabolite concentrations and usual gait speed at baseline, adjusting for age and sex. Bivariate and multivariable linear regression models were used to examine the relationship between plasma metabolite concentrations at baseline with the slope of gait speed over follow-up. Multivariable models of metabolites and slope of gait speed were adjusted for covariates such as age, anemia, and chronic diseases that were significantly associated with gait speed in bivariate analyses. A false discovery rate (FDR) approach was used to correct for multiple testing (24, 25) . All reported associations passed the FDR cut-off of 5%.
Results
Characteristics of the 504 participants are shown in Table 1 Table 2 . Age, anemia, hypertension, coronary artery disease, congestive heart failure, peripheral artery disease, stroke, diabetes mellitus, chronic obstructive pulmonary disease, Parkinson's disease, lower extremity joint disease, and chronic kidney disease at baseline were significantly associated with slope of gait speed over follow-up. Multivariable models of plasma metabolites at baseline and slope of gait speed over follow-up are shown in Table 3 . There were 12 plasma metabolites that were significantly associated with slope of gait speed over follow-up. The regression coefficients in the multivariable longitudinal models indicate changes in slope associated with one standard deviation increase in the plasma metabolite. In multivariable model 1, adjusting for age and sex, PC aa 32:3, PC ae 38:3, creatinine, and LPC 18:2 were significantly associated with a steeper decline of gait speed over follow-up. Only LPC 18:2 was significantly associated with slope of gait speed after the analysis was adjusted for age, sex, anemia, and chronic diseases.
Discussion
This targeted metabolomics study shows that low plasma LPC 18:2 is a strong, significant correlate of gait speed and a significant independent predictor of future accelerated gait speed decline in older adults. These findings are robust to the confounding effects of chronic disease are unlikely to be due to correction for multiple comparisons. The chemical structure of LPC consists of a glycerol backbone, a hydrophilic polar choline headgroup, and a hydrophobic acyl side chain, which in the case of LPC 18:2 is linoleic acid. LPC are a major class of lipids in plasma and circulate in the 100 to 300 micromolar concentration range. The most abundant LPC in human plasma is 16:0 followed, in order, by 18:2, 18:0/18:1, 20:4, and other minor LPC species (26, 27) . LPC is transported in plasma primarily by albumin. Alpha-1 acid glycoprotein, a major acute phase protein, is also a transporter of LPC (28) . Plasma LPC is generated by phospholipase A 2 (PLA 2 ) from phosphatidylcholine that is membrane-bound or constitute the polar surface of lipoproteins ( Figure 1 ). The activity of endothelial lipase (EL), including phospholipase A 1 (PLA 1 ), on HDL can generate LPC 18:2 and other LPC species (29) . The dominant position of 18:2 in human plasma is in sn-2 (30), thus the activity of PLA 1 specifically cleaves phospholipid at the sn-1 position, generating the sn-2 18:2 LPC. Plasma LPC can also originate from phosphatidylcholine during the formation of cholesteryl esters. LPC serves as a ligand for specific G protein-coupled signaling receptors (31, 32) . LPC is converted to lysophosphatidic acid (LPA) by autotaxin (ATX), an adipokine ( Figure 1 ) (33) . LPA has specific receptors involved in growth and differentiation (34). The biological mechanisms by which LPC 18:2 could be related to gait speed, although still hypothetical, are probably related to skeletal muscle function or brain function, since muscle and brain control are the two main factors affecting lower extremity performance. Previous studies have found LPC concentrations in both plasma and skeletal muscle were associated with insulin resistance, independent of overweight and obesity (35) . As noted previously, skeletal muscle insulin resistance is implicated in the pathogenesis of sarcopenia (6) . LPC plays a role in inflammation (31) , which has been associated both cross-sectionally and longitudinally with sarcopenia (8) . LPC is a specific ligand for G protein-coupled signaling receptors. LPA can potentially interact with LPA receptors (Figure 1 ). LPC and LPA have been shown to have both pro-and anti-atherogenic activity from in-vitro studies and animal models (31, 34) . There are also conflicting data on the effects of LPA on glucose metabolism and insulin resistance from in-vitro studies and animal models (36, 37) . Furthermore, in vitro studies suggest that the activity of different LPC in various biological processes is determined by acyl chain length and saturation. For example, LPC species such as LPC 18:2 differ in their effects on endothelium-dependent vasorelaxation (38, 39) , production of cyclooxygenase (COX)-2 in vascular endothelial cells (40, 41) , and prostacyclin production in human aortic endothelial cells (42, 43) .
Interestingly, LPA 18:2 is in the biosynthesis pathway for cardiolipin, a unique dimeric phospholipid that is specific to mitochondria and an essential constituent of mitochondrial membranes (44) . Cardiolipin plays an essential role in mitochondrial bioenergetics because it shapes the curvature of the mitochondrial cristae, which affect the assembly and function of the electron transportation chain complexes (45) , and modulates mitochondrial metabolic signaling (46) . The four acyl chains in cardiolipin in normal human skeletal muscle are linoleic acid (18:2), however, changes in acyl chain composition has been observed in many diseases and can adversely affect mitochondrial function (46) .
Our findings are consistent with previous research in which LPC 18:2 was associated with age and aging-related phenotypes in both cross-sectional and prospective studies. In a large population of healthy adults in France, plasma LPC 18:2 concentrations decreased with age and were lower in males (27) . Plasma LPC 18:2 was negatively correlated with insulin resistance index (HOMA-IR) (47) . Plasma LPC concentrations were reduced in obese adults and those with type 2 diabetes (39). Plasma LPC 18:2 was significantly lower in patients with Alzheimer's disease and mild cognitive impairment compared with healthy controls (41, 43) . In a study of 4,297 adults in the population-based Cooperative Health Research in the Region of Augsburg (KORA) cohort, adults with low serum LPC 18:2 had greater risk of developing impaired glucose tolerance over seven years of follow-up (48) . In the European Prospective Investigation into Cancer and Nutrition (EPIC)-Potsdam Study, elevated serum Hypertension, coronary artery disease, congestive heart failure, peripheral artery disease, stroke, diabetes mellitus, chronic obstructive pulmonary disease, Parkinson's disease, lower extremity joint disease, and chronic kidney disease. LPC 18:2 was associated with a lower risk of developing type 2 diabetes (49) . Low plasma LPC 18:2 was also an independent predictor of incident type 2 diabetes in a cohort of Finnish men (50) . In a non-targeted metabolomics study involving more than 3,600 adults from three population-based studies, independent of cardiovascular risk factors, circulating LPC 18:2 predicted incident coronary heart disease (Hazards Ratio 0:81 per standard deviation, p < .001) (51) . In a non-targeted metabolomics study of 4,092 adults, LPC 18:2 was an independent predictor of incident coronary artery disease (52) . In three independent prospective cohort studies [KORA S4, KORA S2, and the Age, Gene/Environment Susceptibility Reykjavik -Risk Evaluation for Infarct Estimates (AGES-REFINE) studies], three metabolites (LPC 18:2, LPC 17:0, and arginine) improved the predictive value of the Framingham risk score for myocardial infarction (53) . In the prediction of myocardial infarction in KORA S4, KORA S2, and AGES-REFINE cohorts, addition of LPC 18:2, LPC 17:0, and arginine in multivariable analyses removed the association between high sensitivity C-reactive protein and incident myocardial infarction, indicating a potential link of these metabolites with systemic inflammation (53) . Low plasma LPC 18:2 was an independent predictor of memory impairment in older adults (54) .
The strengths of this study are a well-characterized longitudinal aging cohort with standardized collection of fasting plasma samples and measurements of gait speed. An FDR approach and stringent q-value were used to account for multiple comparisons. The limitations of this study include that the findings from this study cannot necessarily be generalized to other study populations due to social and cultural differences. An important limitation is that the BLSA is a convenience sample of adults, not a population-based study, and participants tend to be healthier, more educated, and have better socioeconomic status than the general population. We cannot exclude the possibility that there may be some unmeasured, residual confounding present after adjusting for the available covariates, and that the study may have been limited in power to detect associations between plasma metabolites with lower effect size with gait speed. The overall decline of gait speed in this population was relatively small, which may have precluded the identification of other metabolites that could be associated with larger range of functional decline in older adults. A targeted metabolomics platform, which measures a specific set of amino acids, biogenic amines, acylcarnitines, and glycerophospholipids, was used for this discovery phase study. There are many metabolites beyond this focused set that require further exploration. Further studies will be needed to corroborate these findings in other populations.
The present study shows that gait speed is another aging-related phenotype that is independently predicted by low LPC 18:2. Further work is needed to gain insight into the biological mechanisms that could explain the relationship of LPC 18:2 with diverse phenotypes such as insulin resistance, type 2 diabetes, coronary artery disease, and memory impairment. In regard to skeletal muscle, the relationships of LPC 18:2, LPA 18:2, to the biosynthetic pathway of cardiolipin (18:2) 4 is a potential mechanism that should be addressed in future studies.
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